The recognition of exposed collagen by circulating platelets is an initial step in the formation of the hemostatic plug or a thrombus after vascular ijury. Theoretical calculations of the speed of platelet function required for effective hemostasis have suggested very short reaction times. However, it is not known how fast platelets can adhere to collagen under arterial flow conditions or which membrane proteins are involved. We have used a continuous-flow, microaffinity column linked to a resistive-particle counter to detect platelet adhesion. Adhesion of human platelets to native ype I collagen was extremely rapid, with exponential halftimes as short as 240 ms, and was nearly complete by 2 s. This RGD-independent process was not associated with platelet aggregation or secretion. The monoclonal antibody 6F1 directed against the glycoprotein Ia/HIa complex inhibited adhesion, suggesting that this complex plays an important role in the initial phases of platelet-collagen interaction under flow conditions. In addition, divalent cations were required for adhesion, as indicated by inhibition with EDTA in plasma and the dependence on Mg2+ for washed platelets.
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The initial reaction in hemostasis following vascular injury involves adhesion of blood platelets to the exposed subendothelial tissue (1) . Several components, such as von Willebrand factor (2) and fibronectin (3) provide suitable substrates for platelet adhesion. However, collagen is the most important constituent known to support adhesion and thrombus formation (4) . Efficient hemostasis in the arterial circulation depends critically on nearly instantaneous platelet function, and calculations indicate reaction times as short as 10 ms (5) . Evidence from quenched-, continuous-, and stopped-flow approaches has revealed that ADP or thrombin can induce shape change, aggregation, and increased internal calcium levels well within 1 s (6) (7) (8) (9) . Although direct observations of severed blood vessels have also shown the rapidity of platelet adhesion to the site of injury (10) , little is known about very early phases of the platelet-collagen interaction (<1 s), since this process has usually been studied over minutes or even hours (11) (12) (13) (14) (15) .
Proposed platelet receptors for collagen include glycoprotein (GP) UIb/Illa, GPIb/IX, and GPIa/IIa complexes (16).
Tandon et al. (17) also suggest involvement of GPIV. Although GPIa/IIa is only a minor membrane component (18) , its importance is apparent in that platelets from patients deficient in GPIa are refractory to collagen-induced activation and have defective adhesion (19) . Moreover, a monoclonal antibody (mAb) directed against this complex inhibits adhesion of unactivated platelets to collagen type I and III (20) . A purified GPIa/IIa receptor incorporated into liposomes binds specifically to collagen in the presence of Mg2+ (21) , and this binding has the same divalent cation dependence as intact platelets binding to a collagen-coated surface (22 (27) .
In the present investigation, we have established kinetic parameters of platelet adhesion to collagen, the role of agonists, and the major membrane glycoproteins in this process. We report adhesion characteristics of human platelets to type I collagen for times as short as 130 ms by using a combination of the continuous-flow approach and singleparticle counting (6) with affinity chromatography (28) .
MATERIALS AND METHODS
Enzymes and Chemicals. Prostacyclin, indomethacin, bovine serum albumin (BSA; fatty acid free), hirudin, apyrase (grade VIII), and Sepharose 4B were obtained from Sigma. Heparin was from SoloPak Labs (Franklin Park, IL).
Preparation of Human Platelets. Platelet-rich plasma (PRP) was obtained from human venous blood (10 vol) anticoagulated with acid/citrate/dextrose (ACD; 1 vol), 3 .8% trisodium citrate (1 vol) , heparin (1 or 10 units/ml), or hirudin (20 units/ml) by centrifugation at 350 x g twice for 3 min and once for 5 min at 200C (6) . Washed platelets were isolated from the PRP as described (7) (29) . Principle of Continuous-Flow Adhesion. The adhesion assay is based on a quenched-flow method (6) . General concepts and preliminary results have been published (30) . PRP or washed platelets were pumped together with agonists or potential inhibitors through a specially designed microcolAbbreviations: PRP, platelet-rich plasma; GP, glycoprotein; mAb, monoclonal antibody; BSA, bovine serum albumin; SEM, scanning electron microscopy; ACD, acid/citrate/dextrose.
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umn (100-Al capacity, 2-mm i.d.) at 370C (Fig. 1) . Collagencoated beads, typically from 10 to 50 ,l of loosely-packed material, were loaded into the microcolumn, which was fitted with a nylon filter (39 gm). The column was placed in line with the quenched-flow system, and flow rates through the beads were regulated by a variable-speed syringe pump (model 935; Harvard, South Natick, MA). The "contact time" (tj) was calculated from the formula tc = Vf Q-1, where Vf (yl) represents the free volume (volume accessible to the flow, dependent on the amount of beads in the column), and Q (dl-s-') is the flow rate through the column. The different adhesion (contact) times were obtained by varying the pump speed to give flow rates from 6.7 to 2.0 Al s-1 and also by changing the amount of beads in the column to give free volumes from 0.9 to 4.5 1.l. The effluent was finally quenched with 0.5% glutaraldehyde, and single platelets were measured by resistive-particle counting (Particle Data, Elmhurst, IL). Adhesion is expressed as the percent of bound platelets, and the results are the means ± SD, with the number of preparations (n) indicated after each condition.
Inhibition of adhesion by antibodies was tested by incubating PRP or washed platelets (4 x 108 platelets per ml) with test antibody (10 jug/ml) for 10 min at 370C. The platelets plus antibody were then pumped through the continuous-flow system, and adhesion was measured as described above.
We also studied the effects of platelet agonists in our system. Platelets were mixed with ADP (1 AM), thrombin (0.5 unit/ml), epinephrine (10 ,uM), or 0.15 M NaCl immediately before the adhesion column ( Fig. 1) , for a maximum preexposure time of -3.5 s. Loss of single particles (which in this case was due not only to platelet adhesion but also aggregation) was measured by the resistive-particle counter. Calculation of Shear Rates. The column of collagen-coated beads can be treated as a porous medium (31) , and the shear rate v (sol) at the surface of the beads can be computed from the formula v = 4Q/irNr3, where Q is the flow rate through the column, rp is the radius of the pore [=0.3 times the average radius (50 ,um) of the Sepharose bead], and N is the number of pores. N and rp were calculated assuming the densest packing of beads [face-centered cubic (32) ]. For pumping rates of 6.7, 3.4, and 2.0 .lds-1, calculated shear rates were 3400, 1700, and 1020 s-1, respectively, and the corresponding shear stresses were 52, 26, and 15 dyne-cm-2, respectively. These are comparable to the microcirculation (6) and may be relevant to physiological mechanisms of hemostasis. In contrast to vascular flow, there are no erythrocytes and endothelial cells in our system. The Reynolds number of the microcolumn treated as a porous medium (33) was less than one, which would normally indicate laminar flow. However, the flow in porous media may not be laminar even though the Reynolds number is small; there is a possibility of irregularities in certain regions of the flow (33) .
Antibodies. Murine mAb 6F1 (34) was from B. S. Coller (State University of New York at Stony Brook, NY). mAbs P2 (35) and SZ 2 (27) and nonimmune mouse IgG were from AMAC (Westbrook, ME). The peptides GRGDSP and GRGDTP and anti-a5 human integrin (P1D6) were from Telios Pharmaceuticals, La Jolla, CA. Scanning Electron Microscopy (SEM). PRP or washed platelets were pumped through the microcolumn containing usually 25 ,u1 of collagen or BSA-coated beads for about 1 min at 370C. Then, the beads were immediately fixed, treated as described (36) , and examined in a scanning electron microscope (JSM-6400, JEOL). Effluents from the BSA or collagen columns as well as static controls of PRP and washed platelets were similarly prepared for SEM analysis as described (36) . Platelet morphology assessed from at least 200 platelets per filter was categorized into "disc," "short pseudopodia," "multiple pseudopodia," and "elongated pseudopodia" forms and calculated as percentages.
RESULTS AND DISCUSSION General Characteristic of Rapid Adhesion. The basic kinetics of platelet adhesion in plasma prepared with different anticoagulants is presented in Fig. 2 . These data show that adhesion was very fast and almost complete by 2 s. In contrast to platelet aggregation assessed by single-particle counting and quenched-flow techniques, there was no lag phase before maximal rates were established. The initial adhesion rate (the slope of the adhesion curve at time t = 0) of 0.28% ms-1 for heparinized PRP was nearly 10 times the maximal rate of aggregation, which is about 0.035% ms-1 (6). The percentage of adherent platelets at any given time was constant over a wide range of platelet concentrations: 6.5 x 107-8.0 x 108 platelets per ml.
The adhesion kinetics can be expressed as a first-order reaction, and curves in Fig. 2A platelet concentration (6, 37) . This distinction in the dependence of adhesion rate versus platelet number, compared to aggregation, strongly suggests that aggregation was not occurring. The time constant X determined from the slope of the line in Fig. 2B was 0.79 ± 0.02 s for ACD-PRP and 0.35 ± 0.07 s for heparinized PRP. The exponential half-times (the time during which halfofthe platelets adhere) were 0.55 ± 0.02 and 0.24 ± 0.05 s, respectively. Rates of adhesion were constant over the range of shear forces studied. This was seen as the absence of any discontinuity in first-order kinetics when various quantities ofbeads were used to give the same contact time but different shear rates (Fig. 2B) .
To help establish that shear forces did not activate platelets and cause secretion, [14C]serotonin was monitored in both the supernatant and platelets of the effluent from a BSA or collagen column. Serotonin release was 3-5%, and that remaining with the unbound platelets was >90o (data not shown). Additional control experiments where platelets were pumped through columns containing albumin or denatured collagen (gelatin) revealed the loss of only 5-7% of the total platelet number. Thus, the observed adhesion was specific for collagen, and shear forces acting alone did not cause secretion and aggregation. Resistive-Particle Counting and 51Cr-Labeling as Estimates of Platelet Adhesion. Particles counted by the resistiveparticle counter may include not only single platelets but also small aggregates (6) . The possibility that the presence ofthese microaggregates would overestimate adhesion was tested by using 51Cr-labeled platelets. This procedure detects only platelets bound to the beads and is insensitive to microaggregates. Measurement of platelet adhesion to collagen by determination of the radioactivity associated with adherent and nonadherent platelets gave almost the same results as directly counting the number of single platelets in the column effluents (Fig. 3) . This indicates that platelets, after a brief contact with collagen, did not form aggregates and that baFd ibb particle counting can be used for precise evaluation of rapid adhesion kinetics. SEM of Effluent and Adherent Platelets. The possibility that aggregates were formed under the flow conditions and then eluted from the beads was also tested by direct examination of the column effluent using SEM. No aggregates were observed in the collected fractions after passage of platelets through the BSA or collagen beads. This supports the good correlation (r = 0.98) between adhesion determined by the particle counter and use of 51Cr-labeled platelets (Fig. 3) .
Shape analysis of platelets that had passed through the collagen column provided evidence of some surface activation (Fig. 4A) . About 609% of the platelets in the effluent had lost their discoid shape and appeared slightly swollen with ruffling to give a "berrylike" appearance. These surface changes induced by short exposure to collagen resemble those for contact activation by a formvar film surface (38) . Examination of the effluent from a BSA column revealed almost the same pattern as the control static platelets (60%6 discoid, 30%o with short pseudopodia; Fig. 4B ). This indicates that the shear forces alone did not cause activation and supports the specific effect of collagen (Fig. 4A) .
In granular materials like those used in a Sepharose column, as a result of the disturbed flow pattern, platelets might break into fragments. This possibility was also tested by using SEM analysis. We found no evidence of platelet fragments in the effluent, even at the highest shear rate.
Direct analysis of the collagen-coated beads by SEM after pumping the platelets through the microcolumn revealed attachment of individual platelets to the collagen-coated beads (Fig. SA) . Although many platelets were near each other, there was little evidence for aggregates on the bead surface. Adherent platelets generally were discoid and exhibited only minimal surface activation (Fig. SB) .
Role of RGD-Containing Peptides. Synthetic peptides containing the RGD sequence block binding of plasma adhesive proteins to activated platelets, inhibiting aggregation (39) . Collagen contains several RGD sequences (40) , but their significance for platelet attachment to collagen is still uncertain. Most studies indicate that cell attachment to collagen is RGD-independent under no flow or unstirred conditions (22, 41, 42) . To help assess the role of the RGD sequences in platelet adhesion to collagen under flow conditions, PRP or washed platelets were incubated for 15 min at 370C with 0.5 mM GRGDSP or GRGDTP peptide. Adhesion rates were unaffected by these concentrations ofthe RGD peptides (Fig.  6) , suggesting that the RGD sequence is unlikely to contribute to platelet adhesion to collagen under flow conditions. Effect ofPlatelet Agonists. Platelet agonists such as ADP (43) and thrombin (44) can appear in plasma in amounts sufficient to induce platelet activation in vivo and may potentiate adhesion as well as aggregation (45) . In our system, brief exposure (about 3.5 s) to thrombin at 0.5 unit/ml resulted in 30%6 serotonin release in the effluent from BSA or collagen columns (data not shown). SEM analysis of the unbound platelets revealed that small aggregates were present and that 90% of the platelets were activated and possessed long pseudopodia. Therefore, both platelet adhesion and aggregation occurred, resulting in a greater loss of single particles, in contrast to the situation without agonists. The initial rates of loss of single platelets in PRP prepared with ACD were (in % per ms) 0.10 + 0.02 (n = 28) for the control and 0.23 + 0.03 (n = 10), 0.17 ± 0.02 (n = 10), and 0.20 ± 0.03 (n = 10) for stimulation with thrombin (0.5 unit/ml), ADP (1 MM), and epinephrine (10 ILM), respectively. The kinetics of single particle loss are illustrated in Fig. 6 . In the control system with the BSA-coated beads, exposure to thrombin also resulted in loss of single particles, which can be readily explained by thrombin-induced aggregation. Experiments with 5tCr-labeled platelets stimulated with thrombin revealed that, for longer contact times and lower shear rates, some ofthe aggregates remained on the beads and were not eluted from-the column (data not shown). Incubation ofplatelets with the GRGDSP peptide blocked the aggregation component and resulted in almost identical kinetics as in the absence of agonists (Fig. 6) .
Role of Membrane Glycoproteins. Glycoproteins, such as GPIa/IIa or GPIIb/IIIa (which is the most prominent RGDbinding receptor on platelets), are believed to act as collagen receptors. Although the RGD peptide did not alter the platelet collagen interaction, mAb P2, which is specific for the GPIIb/IIIa complex, markedly reduced platelet attachment to collagen in plasma (Fig. 7) . Adhesion was also partially blocked by mAb 6F1, which is specific for GPIa/IIa (Fig. 7) . Adhesion was not inhibited by control nonimmune IgG at 10 and 20 ,ug/ml or mAb P1D6 (5 ,ug/ml), which is specific for a5 human integrin (data not shown). The combination of mAbs P2 and 6F1 almost completely inhibited adhesion (Fig. 7) . This effect was specific for these antibodies and was not due to overloading of the platelet surface with immunoglobulins, because neither the combination of P2 and control antibodies nor the combination of 6F1 and control antibodies blocked adhesion more than P2 or 6F1 alone. Both glycoprotein complexes therefore appear necessary for maximal platelet adhesion to collagen at contact times of <1 s. The importance of GPIb in platelet adhesion to collagen has been suggested by several studies (26, 46) . Therefore, we used a murine mAb (SZ 2) directed against the a subunit of glycoprotein GPIb, which inhibits collagen-induced platelet aggregation (27) . SZ 2 did not block platelet adhesion, indicating that an epitope recognized by this antibody may not be critical for the rapid platelet adhesive response. Further studies (with additional antibodies) are required to clarify the importance of GPIb/IX in rapid adhesion. Effect of Different Anticoagulants. We also determined the extent to which in vitro measurements of the plateletcollagen interaction were affected by different anticoagulants. The initial adhesion rate of platelets to collagen in plasma prepared from blood anticoagulated in ACD, 3 .8% trisodium citrate, heparin at 1 unit/ml, heparin at 10 units/ml, or hirudin at 20 units/ml was 0.10 + 0.02 (n = 28), 0.06 ± 0.01 (n = 5), 0.28 + 0.06 (n = 14), 0.31 ±0.07 (n = 5), or 0.26 + 0.04 (n = 5) % per ms, respectively. In heparin-or hirudinplasma, where physiological concentrations of divalent cations are present, initial adhesion rates were almost 3 times faster than in ACD-PRP or citrated PRP, where the Ca2W concentration is in the 50 ,M range (6) and the levels of Mg2+ and other divalent cations are also reduced. This effect was independent of pH between 7.0 and 8.0, indicating that physiological concentrations of Ca2+ and Mg2+ in plasma may be necessary for optimal adhesion rates.
Effect of Divalent Cations. Chelation of divalent cations by EDTA inhibits platelet adhesion to collagen (47) . However, there are also studies in which adhesion is not influenced significantly by EDTA (28) . Recently, Santoro (22) and Zijenah et al. (48) showed that adhesion to monomeric collagen exhibits appreciable cation dependence. Our preliminary studies (30) indicate that rapid platelet adhesion to collagen is also strongly dependent on divalent cations. Addition of 10 mM EDTA to ACD plasma just before the adhesion column (mixing time 3.5 s) almost completely blocked attachment ( Fig. 2A) . Santoro (22) described a Mg2+-dependent mechanism of platelet adhesion to collagen via the GPIa/IIa complex in the absence of plasma and by using static microtiter plates. We found that similar to the static conditions of Santoro (22) , washed platelets required Mg2+ or Mn2+ for efficient adhesion under flow (Fig. 8) . Ca2+ not only failed to support adhesion but strongly inhibited the stimulatory effects of Mg2+ (Fig. 8A) or Mn2+ (Fig. 8B) . Adhesion with 1 mM Ca2+ and 1 mM Mg2+ or with 1 mM Ca2+ and 1 mM Mn2+ was much lower than adhesion in heparinized plasma ( Fig. 2A) . This difference is difficult to explain. However, plasma may contain factor(s) that promote a Mg2+-independent platelet-collagen interaction (48) . Strong inhibition by Ca2+ has been reported for several RGDindependent reactions, such as GPIa/IIa binding to collagen (22, 42) or VLA-6 binding to laminin (49) . The absence of plasma factors may also influence the ability of antibodies to block adhesion. Anti-GPIa/IIa (6F1), which had a moderate inhibitory effect in plasma, decreased the rate of adhesion by 80% in the presence of Mg2+ when plasma was absent (data not shown). However, complete inhibition in washed platelets was found when mAbs P2 and 6F1 were combined.
Conclsions. Our results [reported in part in preliminary form (30) ] suggest that platelets adhere very rapidly to an exposed collagen surface at the site of blood vessel injury by an RGD-independent mechanism. This divalent cationdependent process was mediated by GPIa/IIa and GPIIb/IIIa complexes and did not induce platelet aggregation when platelet agonists were absent. However, when agonists were present, the combination ofvery fast adhesion and aggregation (nearly complete loss of single platelets within 0.3 s) can provide for efficient hemostasis under arterial flow conditions, as suggested by the calculations of Born and Richardson (5) .
